A method for automatic 3D model generation derived from airborne gravity gradient data was illustrated. The proposed method computed a volumetric distribution of curvatures that form a 3D image of possible density distributions. The method relies on spectral analysis and the equivalence of the power spectra of the classical mean and differential curvatures of equipotential surfaces to create pseudodepth slices of a quantity that describes the geometry of the surfaces: the shape index. The method was carried out in three steps. First, the pseudodepth slices of the vertical gravity gradient and the magnitude of the differential curvature components were generated. Second, equivalent pseudodepth slices of the shape index were generated. Finally, 3D interpolation was carried out to obtain the final model. The synthetic model data indicated that the vertical density contrasts were well modeled. A 3D model derived from FALCON airborne gravity gradiometer data from the Canning Basin, Australia, was compared to an independently interpreted integrated 3D earth geologic model.
INTRODUCTION
Geophysical measurements yield a way of obtaining knowledge of the earth's subsurface and they are normally presented as images or 2D surfaces, and with the aid of theory and modeling, they can be used to produce a 3D volume representation of a possible distribution of sources that generated the measured fields. Normally, at some part of this process, two procedures are done: A geologic model made up from surfaces is manually constructed and mathematical inversion is used to validate it. Manual joining of interpreted surfaces is by far the most time-consuming part of building a 3D model; it requires an experienced geologist to construct complex geometries with digitization tools. Each geologist generates a unique 3D model as the sources he interprets will fit his interpretation.
Potential field measurements such as magnetics and gravity are related to the distribution of the subsurface sources, sampling the whole volume of interest to the accuracy of our measuring instruments, and airborne methods are uniformly sampled along the flight path. Inversion and forward modeling suffer from nonuniqueness; that is, many models generated by inversion can produce the same geophysical measurements and the results generated by forward modeling can be duplicated by many models.
Curvature is a common theme in potential field interpretation; Phillips et al. (2007) , Cooper and Cowan (2009) , Cooper (2010) , and Lee et al. (2013) apply the concept of curvatures to estimate source location, depth, and strike. The purpose of this paper is to show how to construct automatic 3D geophysical models based on curvatures of the equipotential surfaces defined by airborne gravity gradiometer (AGG) data that do not require manual work or inversion. These models will display gravity gradient information in a way that it will aid to interpret structural and lithological features, and to estimate the density distribution in the subsurface environment. The main goal is to assist the interpreter in the slowest and most difficult part of interpreting AGG data: the construction of a 3D model. By quickly producing an initial unbiased 3D model, the geologist will be able to see geometrical relations and will have surfaces at his disposal that he can then alter according to his interpretation. Once the automatic 3D model is produced, it can be validated by inversion. I will closely follow the curvature theory review from Cevallos et al. (2013) and show the main results.
THEORY

Curvatures of the equipotential surface
The potential is a scalar (or rank zero tensor) field, the gravity is a vector (rank one tensor) field, and the second spatial derivatives of the potential form a rank two-tensor field, commonly called the gravity gradient tensor. In the three orthogonal directions x, y, and z, the gravity field vector is represented by a 3D vector Φ k ∶ðk ¼ x; y; zÞ and the gravity gradient tensor by a matrix Φ ij ∶ði; j ¼ x; y; zÞ, where the subscripts indicate partial differentiation with respect to the subscripted variable. A tensor is a physical field independent of the choice of coordinates and therefore distinct from its representation in those coordinates.
The curvatures of equipotential surfaces and their application to gravity gradiometry are well known in the study of differential geometry. Calculating the maximum and minimum curvatures that occur at unique orthogonal angles and averaging them yields a constant termed the mean curvature (Condi, 1999; HofmannWellenhof and Moritz, 2006) where K max and K min are the maximum and minimum curvatures, respectively. It is important to notice a difference in the definition of the sign of the mean curvature according to different authors; in differential geometry, positive mean curvature is defined with concavity facing upward; exploration geophysics uses the opposite definition (positive mean curvature is defined with concavity facing downward) because it is practical to associate positive density contrasts with positive curvature (Roberts, 2001) . The difference between the maximum and minimum curvatures is termed the differential curvature (Slotnick, 1932; Condi, 1999) 
In differential geometry, the most characteristic curvature of a surface is the Gaussian curvature defined as the product of the maximum and minimum curvatures. From equations 1 and 2 (Dransfield, 1994) 
As in the classical case of locating well-defined vertical faults using the zero contour of Φ zz (Evjen, 1936) , one would expect that along the boundary of a gravity source, either the maximum or the minimum curvature would be zero and the zero contour of the Gaussian curvature should define the edges of sources.
Curvatures can be combined to define local shape, for example K max and K min can be combined to form a shape index (Koenderink and van Doorn, 1992; Roberts, 2001 ) (S i ):
Substituting equations 1 and 2 in equation 4 gives
As mentioned before, it is important to note what definition for the sign of mean curvature is used. This index defines local shape independently from scale and can be used to classify the morphology of the equipotential surface. It can be presented as an image with nine colors with each color representing different morphologies of the equipotential surface in terms of bowl, valley, flat, ridge, and dome shapes (Roberts, 2001 ) with positive shape index values associated with positive density contrasts. The shape index of the equipotential surface enhances subtle trends and surface patterns that would be very difficult to identify in other images . If K max or K min are equal to zero, their substitution in equation 4 yields
This result shows that the zero contour of the Gaussian curvature splits into the AE1∕2 contours of the shape index.
Spectral analysis
Spectral analysis (Spector and Grant, 1970; Gerard and Debeglia, 1975; Bhattacharyya, 1978) provides a technique for quantitative studies of magnetic or gravity data sets. Pseudodepth sections are derived from analysis of the log radially averaged power spectrum of the data in the Fourier domain, which is a curve representing the amount of power in each wavenumber. Theoretically, the radially averaged power spectrum can be broken up into a series of segments that approximate straight lines. Each of these segments can be related to the potential field signature of bodies at a particular depth, with the depth being proportional to the slope of the line. Once the straight-line segments have been identified, they are used to generate filters that are applied to the data in the wavenumber domain. Pseudodepth slices are then obtained by transforming the filtered Fourier spectra back into the space domain. This technique works for magnetic and gravity gradient data because both data sets have a similar response in terms of their variation with distance to the source body. It is important to note that spectral analysis has well-known limitations: It will always inherit any problems related to the data Fourier transforms (ringing, the Gibbs phenomena, etc.), and there is always leakage between different pseudodepth slices. Finally, although it is true that high frequencies are related to shallow sources, it is not necessarily true that low frequencies are related to deep sources as it is clear that anomalies of large areal extent can be due to extensive horizontal, shallow structures.
It can be shown that the power spectra of the curvature gradients Φ zz and ½ðΦ xx − Φ yy Þ 2 þ 4Φ 2 xy 1∕2 are identical (While et al., 2006; Dransfield and Christensen, 2013) . This allows the following procedure: Spectral analysis is applied to both quantities to obtain their pseudodepth slices. Next, equation 5 is used to calculate equivalent pseudodepth slices of the shape index. Finally, the equivalent 
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Cevallos pseudodepth slices of the shape index are interpolated to yield a 3D geophysical model. If desired, densities can then be assigned at will to the model as long as they are assigned monotonically. For example, the mean value can be assigned to be 2.67 g∕cm 3 and values can be assigned to be linearly or discretely distributed in the range [1.67 g∕cm 3 , 3.67 g∕cm 3 ]: These assignations or any other ones have to be based on geologic knowledge, and in the absence of this knowledge, the model is just a structural one.
In the FALCON acquisition system, the measured quantities are the differential curvature components, that is, ðΦ xx − Φ yy Þ∕2 and Φ xy ; all other quantities are derived from them. So, it is better to apply the spectral analysis to ½ðΦ xx − Φ yy Þ 2 þ 4Φ 2 xy 1∕2 first and make the spectral analysis of Φ zz subordinate to it. Shallow pseudodepth slices may be of no geologic interest and/or have noise that is nongeophysical. In the first case, they should not be included in the model and, in the last case when the noise is nongeophysical, the quantity ½ðΦ xx − Φ yy Þ 2 þ 4Φ 2 xy 1∕2 can attain small negative values in the pseudodepth slices. This has the consequence of inducing undesired strong oscillations on the calculated shape index. If the gradient quantities ðΦ xx − Φ yy Þ 2 and 4Φ 2 xy had the same power spectra as Φ zz , this problem could be avoided, unfortunately, this is not the case. The only reasonable way I have found to deal with this problem is to set these small negative values equal to an arbitrary small positive value, this is an ad hoc solution that has no special merit. The setting of the small negative values to an arbitrary small positive value does not affect the spectrum significantly, and a reconstructed image from the altered slices is indistinguishable from the original.
MODELING
These ideas were tested using the synthetic model of Cevallos et al. (2013) . Two 1-km model cubes were assigned density contrasts of AE1.0 g∕cm 3 , respectively, in a 2.67 g∕cm 3 background density. The cubes are separated by 1 km and have a depth of 100 m. The shape index is presented as an image of nine colors with each color representing different morphologies of the equipotential surface in terms of bowl, valley, flat, ridge, and dome shapes (Roberts, 2001) (Figure 1a) . Notice how positive shape index values are associated with positive density contrasts. Figure 1b-1f shows shape index pseudodepth slices at depths 125, 500, 1000, and 2000 m as determined from the power spectra. They show that the shape index smoothness increases with depth but the dynamic range decreases with depth; that is, the dome and bowl shape abundance diminishes with depth. This is a consequence of the equipotential surfaces becoming smoother if they are generated from deeper sources. They also show false high and low anomalies and false anomalies inside positions of bodies are a consequence of having an equipotential surface. When you have two peaks, you need a trough in between them because if you did not have it, then the two peaks would be linked and they would form one peak, not two. Similarly, if you have a peak near a trough (this model case), you will normally have an oscillatory behavior in between the peak and the trough of the equipotential surface. All these behaviors of the shape index will occur independently of the actual behavior of the density sources at depth, and so, it is extremely important to always keep in mind that curvatures and the shape index are directly linked to the equipotential surface and through it indirectly to the density sources.
How well will these structural 3D models reflect geology? Structures with only vertical boundaries will be extremely well depicted; structures with only horizontal boundaries will be very poorly depicted. How useful is this? I have found it very useful, especially if integrated with seismic methods that are very good at detecting horizontal boundaries and not good at detecting vertical boundaries.
APPLICATION
The method was applied to FALCON AGG data from the King Sound area of the Canning Basin, Western Australia (Figure 2) . The automatically generated 3D geophysical model was compared against a manually generated 3D earth model from an independent Figure 5 . From Kovac et al. (2013) : Perspective view from the southeast of the geologic model for King Sound. The color bar represents density derived from the inversion process and ranges from −0.15 g∕cm 3 to 0.05 g∕cm 3 . These densities are relative to the terrain correction density of 2.67 g∕cm 3 . Each block diagram strips away a lithology from the top so the lithology beneath it can be observed.
Automatic 3D models from curvatures G53 geologic interpretation based on the vertical gravity gradient data, 2D seismic sections, and interpreted horizons, a depth to basement surface derived from magnetic data and well logs .
King Sound is located on the southern margin of the Lennard shelf, on the northern flank of the Canning basin. The Lennard shelf is an area of relatively shallow (less than 4000 m) basement, bounded to the south by the Fitzroy trough, which is interpreted as a Paleozoic rift (Cadman et al., 1993) . The King Sound area consists of Archaean to Proterozoic basement overlain by Palaeozoic and Mesozoic sedimentary fill. The oldest interpreted sedimentary sequence is believed to be a complex of Middle to Upper Devonian reefs (Yates et al., 1984) . They were deposited on shallow, southwestern flanks of the fault-controlled Lennard Shelf and reached a maximum thickness of 2000 m (George et al., 1997; Wood, 2000) . Contemporary episodic collapse of the platform margin along the basement fault produced rock falls and clast-rich debris flows that led to deposition of interbedded talus breccias and turbidite grainstones. Carbonate to fine siliciclastic sequences of the overlying Mississippian Fairfield Group were deposited in the shallow water marine, restricted platform, lagoonal, and fluvial environments. Overlying Palaeozoic to Mesozoic sequences consist of siliciclastic products of shelf, fluvial, deltaic, and nonmarine deposits.
To constrain the vertical distribution of lithofacies, pseudodepth slices of the vertical gravity gradient were calculated and it is reasonable to define five pseudodepth slices (Figure 3) . Using seismic horizon information , in this case, it was decided to exclude the small and shallow short-wavelength features of the last two pseudodepth slices at 40 and 140 m and include the gravity response of the larger deeper sources of the first three pseudodepth slices at 370, 1140, and 2570 m (Figure 4) . After integration, a final 3D geologic model was manually obtained (Figure 5) .
Following the method proposed here, the pseudodepth slices of ½ðΦ xx − Φ yy Þ 2 þ 4Φ 2 xy 1∕2 are calculated ( Figure 6 ). It can be 
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Cevallos observed that although the quantities of two shallowest pseudodepth slices in Figures 4 and 6 are within or close to the recognized noise level of FALCON gravity gradient data (Dransfield and Christensen, 2013) . They are far from being random noise and do contain meaningful information. Finally, the interpolated 3D geophysical model is produced (Figures 7 and 8 ) using Geosoft's Oasis Montaj 3D gridding algorithm with the kriging option and an exponential variogram model. The 3D geophysical model exhibits two important characteristics: First, it is made of well-defined meaningful surfaces; second, with depth the number of surfaces diminishes; that is, with depth some surfaces close or meld with each other. Second, the latter behavior contrasts with the behavior of isosurfaces generated from inversions. With most if not all potential field inversion schemes, sources simultaneously have to be artificially pushed down from the surface of the model and contained from the bottom of the model. In our case, surfaces in general will be continuous, smooth, open at the surface of the earth, and closing down or melding as they go deeper.
The geologic model goes down to a depth of 7125 m and the geophysical model only goes down to a depth of 2570 m (the deepest slice) so the geophysical model intersects about one third of the geologic model. The comparison at the 755 m level (Figures 8a  and 9a) shows that the geophysical model has a lot of detail not reflected in the geologic model; that is, a lot of variations of the equipotential surfaces are contained within the same lithology. The comparison at the 1855-m level (Figures 8b and 9b) shows a fairly good match.
DISCUSSION
A 3D model geophysical based on curvatures of the equipotential surface provides us with direct and easily visualized information on the physics of the gravity gradiometry tensor. Curvature gradients relate the measured field directly to information of interest. The 3D model generated from them is easy to understand and visualize. It is always possible to take more pseudodepth slices than the ones associated with the changes of slope of the radially averaged power spectrum, this would involve more work and more importantly would force the interpreter to keep a record of which pseudodepth slices that were associated with the radially averaged power spectrum segments that approximate straight lines and other ones. I do not recommend generating more than the normal set.
It should be noted that as with any interpretation or analysis of potential field data, the measured data will not determine unique sources and that in spectral analysis, there is always leakage between different pseudodepth slices.
The application of the method shows that the geophysical model is more variable and smoother than that the geologic model; I have found this to be a general result. It is at the same time a strength and a weakness; its variations show some possibilities that may pass unnoticed otherwise but they could also add unnecessary detail or clutter at shallow depths.
It is not the purpose of this paper to produce a better model than that produced by Kovac et al. (2013) ; geophysical models are just tools that help obtain geologic models. The purpose of generating an automatic 3D geophysical model from AGG data is to be able to see geometrical relations generated by the data and have surfaces than can be altered to produce a geologic model more easily.
CONCLUSIONS
The gravity gradient tensor has a clear meaning as the curvature of the gravitational potential field, expressed via the curvatures of the equipotential surface.
The application of spectral analysis to curvatures gradients and the shape index allows the construction of a 3D geophysical model that immediately improves the understanding of location of mass and vertical edges, and provides an initial set of surfaces (independent of color stretch) that can quickly start and greatly assist in the geologic interpretation that is to follow.
ACKNOWLEDGMENTS
The author thanks CGG and Buru Energy Limited for permission to publish. I would like to thank the associate editor, M. Sacchi and 
